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The Tobacco Heating System (THS2.2), which uses “heat-not-burn” technology, generates an aerosol from
tobacco heated to a lower temperature than occurs when smoking a combustible cigarette. The con-
centrations of harmful and potentially harmful constituents (HPHCs) are signiﬁcantly lower in THS2.2
mainstream aerosol than in smoke produced by combustible cigarettes. Different tobacco types and 43
tobacco blends were investigated to determine how the blend impacted the overall reductions of HPHCs
in the THS2.2 mainstream aerosol. The blend composition had minimal effects on the yields of most
HPHCs in the aerosol. Blends containing high proportions of nitrogen-rich tobacco, e.g., air-cured, and
some Oriental tobaccos, produced higher acetamide, acrylamide, ammonia, and nitrogen oxide yields
than did other blends. Most HPHCs were found to be released mainly through the distillation of HPHCs
present in the tobacco plug or after being produced in simple thermal reactions. HPHC concentrations in
the THS2.2 aerosol may therefore be further minimized by limiting the use of ﬂue- and ﬁre-cured
tobaccos which may be contaminated by HPHCs during the curing process and carefully selecting ni-
trogen rich tobaccos with low concentrations of endogenous HPHCs for use in the tobacco plug blend.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The U.S. Family Smoking Prevention and Tobacco Control Act
(FSPTCA) deﬁnes a Modiﬁed Risk Tobacco Product (MRTP) as “any
tobacco product that is sold or distributed for use to reduce harm or
the risk of tobacco related disease associated with commercially
marketed tobacco products” (Family Smoking Prevention and
Tobacco Control Act). This publication is part of a series of nine
publications describing the nonclinical and part of the clinical
assessment of a candidate MRTP, THS2.2 regular and a mentholatedo)-1-(3-pyridyl)-1-butanone;
HCI, Health Canada Intense;
LOQ, limit of quantiﬁcation;
N-nitrosoanabasine; NAT, N-
trogen oxides; PCA, principal
yclic aromatic hydrocarbon;
culate matter; TSNA, tobacco
. Schaller).
Inc. This is an open access article uversion (THS2.2M). The series of publications provides part of the
overall scientiﬁc program to assess the potential for THS2.2 to be a
reduced risk product. The ﬁrst publication in this series describes
THS2.2 and the assessment program for MRTPs (Smith et al.,
submitted (this issue)). This is followed by six publications,
including this one, that describe the nonclinical assessment of
THS2.2 regular and THS2.2M (Kogel et al., submitted (this issue);
Oviedo et al., submitted (this issue); Schaller et al., submitted
(this issue)-a; Schaller et al., submitted (this issue)-b; Sewer
et al., submitted (this issue); Wong et al., submitted (this issue)).
The eighth publication in the series describes a clinical study to
assess whether the reduced formation of Harmful and Potentially
Harmful Constituents (HPHCs) for THS2.2 regular also leads to
reduced exposure to HPHCs when the product is used in a clinical
setting (Haziza et al., submitted (this issue)). A ﬁnal publication
utilizes data gathered from the reduced exposure clinical study on
THS2.2 regular to determine if a systems pharmacology approach
can identify exposure response markers in peripheral blood of
smokers switching to THS2.2 (Martin et al., submitted (this issue)).
This publication is the third of the series and presents the aerosolnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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blending on HPHC generation in the THS2.2 aerosol.
The three major classes of tobacco used to manufacture classical
lit-end cigarettes (CCs) are ﬂue-cured (bright), air-cured, and Ori-
ental tobaccos. The classic “American blend” cigarette usually
contains all three types of tobacco, whereas “Virginia” cigarettes
mainly contain ﬂue-cured tobacco. The type and the quality of to-
bacco used for cigarette manufacturing not only impacts the sen-
sory perception of the resulting smoke, but also affects the delivery
of HPHCs in the smoke. According to Piade et al. (Piade et al., 2013),
Virginia blend cigarettes have higher yields of formaldehyde, cad-
mium and, to a lesser extent, unsaturated aldehydes, hydrogen
cyanide and aromatic compounds. In contrast, American blend
cigarettes have higher yields of nitrogen-containing compounds
(except hydrogen cyanide). These blend effects are essentially un-
changed by differences in cigarette construction. With minor ex-
ceptions, both pyrogenesis and pyrosynthesis of HPHCs in
cigarettes result from the thermal decomposition of organic to-
bacco compounds at elevated temperatures (Torikaiu et al., 2005;
Baker and Dixon, 2006).
In the heat-not-burn THS2.2, tobacco is heated with a blade
reaching amaximum temperature of 350 C (Smith et al., submitted
(this issue)) resulting in an aerosol containing lower concentrations
of HPHCs compared to the mainstream cigarette smoke (Schaller
et al., submitted (this issue)-a). Since the temperature at which
tobacco is heated in the THS2.2 is considerably lower than the
temperatures of up to 900 C found in a cigarette during pufﬁng
(Baker, 1974, 1975b), both the formation and delivery of HPHCs
from the tobacco blend to the mainstream aerosol may be different
and not reﬂected by knowledge gained from the study of HPHC
formation and chemistry prevailing in a cigarette. Consequently,
the inﬂuence of the tobacco plug blend composition on the de-
liveries in the THS2.2 aerosol was studied using the analyte list,
including HPHCs, deﬁned in the in the previous paper of the series
(Schaller et al., submitted (this issue)-a).
A detailed chemical characterization of 59 analytes in the
mainstream aerosol produced by 43 different experimental tobacco
plug blends when tested for use in the THS2.2 using the Health
Canada Intense (HCI) machine-smoking protocol (Health Canada,
2000) is reported. Principal Component Analysis (PCA) was used
to identify clustering of HPHCs in the aerosols from different to-
bacco plug blends and to identify which tobacco types/tobacco
blend compositions would result in the largest reductions of the
yields of HPHCs in the mainstream aerosol.Table 1
Single grade tobaccos selected for use in the tests.
Tobacco type Country of origin Label
Air-cured Malawi AC1
Air-cured USA AC2
Air-cured Indonesia AC3
Air-cured Brazil AC4
Air-cured Malawi AC5
Bright China FC1
Bright India FC2
Bright USA FC3
Bright Brazil FC4
Bright Tanzania FC5
Bright USA FC6
Aromatic Tanzania AR1a
Aromatic Greece AR2b
Aromatic Greece AR3b
Aromatic Turkey AR4b
Aromatic Turkey AR5b
Aromatic Greece AR6b
Filler Brazil FI1
Filler Various FI2
a Fire-cured tobacco.
b Oriental tobacco.2. Materials and methods
2.1. Selection of tobaccos and production of the blends
The effects of using plugs containing different tobacco blends on
HPHC yields in mainstream THS2.2 aerosol were studied using a
blending strategy in which different types of tobacco with
distinctive sensorial characteristics were used. The blends were
based on four categories of tobaccos selected to provide different
ﬂavor directions:
1. Air-cured: burley tobaccos and other air-cured tobaccos, used to
provide the blend with dark notes.
2. Bright: ﬂue-cured tobaccos, used to provide the blend with
sweet and spicy aromas.
3. Aromatic: Oriental tobaccos and a ﬁre-cured tobacco, used to
provide aromatic complexity.
4. Flue-cured stems or strips, with little ﬂavor, used as ﬁllers or to
dilute the ﬂavor.A second level of classiﬁcation, the country of origin of the to-
bacco, was used to provide more granularity to the primary tobacco
classiﬁcation and to maximize the coverage of different sensory
perceptions. All the studied tobaccos were also used for the pro-
duction of commercial lit-end cigarettes or roll-your-own tobaccos.
The air-cured tobaccos were burley tobaccos and other tobaccos for
which the curing induced the transformation of most of the tobacco
carbohydrates. The bright, Oriental and ﬁre-cured tobaccos were
cured according to their usual respective curing procedures (Davis
and Nielsen, 1999). Nineteen different tobaccos covering the four
primary tobacco classes mentioned above were selected. The
tobaccos were blended and formed into tobacco sticks to produce
different sensory perceptions when used in the THS2.2. The 19
selected tobaccos are listed in Table 1.
The selected tobaccos (shown in Table 1) were homogenized
and ground, then blended as required. Cast leaf was then formed
from each blend (Coggins et al., 2013). Tobacco plugs were pro-
duced from the different cast leaf materials. The compositions of
the monitor blend (FR1) and the 43 different tobacco blends that
were used (BL1eBL43) are listed in Table 2.
The HPHCs in THS2.2 aerosol produced by each type of tobacco
in the absence of interactions that might occur in a blend were
determined by performing tests using samples of each single to-
bacco, but the air-cured tobaccos AC1, AC2, AC4, and AC5 could not
be tested because it was not possible to use these tobaccos to form
cast leaf suitable for manufacturing tobacco plugs. The impact of
blending beyond the typical usage level of different tobacco types
was investigated using blends containing up to 40% of single grades
of air-cured tobaccos (e.g., BL6, BL7, BL8, BL9, BL10), up to 40% of
ﬁre-cured tobacco (BL1, BL5 and BL9) and up to 20% of ﬁller tobacco
(BL25, BL27). The FR1 blend was used as a control to determine the
reproducibility of the manufacturing process. This blend was
selected as control because it contains the main tobacco categories
(Air-cured, Bright, and Aromatic) and it had been particularly well
characterized since it was used as reference blend during all the
product development process. The FR1 blend was produced on six
different occasions using the same tobacco lots and the HPHC yields
in mainstream aerosol produced from each FR1 blend production
were determined.
2.2. THS2.2 tobacco sticks
The tobacco stick was designed to be used only with the THS2.2
Table 2
Blends produced for the study.
Blend Percentage contribution of each tobacco type
ID AC1 AC2 AC3 AC4 AC5 FC1 FC2 FC3 FC4 FC5 FC6 AR1 AR2 AR3 AR4 AR5 AR6 FI1 FI2
FR1 20 20 50 10
BL1 60 40
BL2 60 40
BL3 30 60 10
BL4 60 40
BL5 40 40 20
BL6 40 60
BL7 40 60
BL8 40 60
BL9 40 60
BL10 40 60
BL11 60 40
BL12 60 40
BL13 60 40
BL14 60 40
BL15 60 40
BL16 30 60 10
BL17 30 60 10
BL18 30 60 10
BL19 30 60 10
BL20 30 60 10
BL21 60 30 10
BL22 60 30 10
BL23 60 30 10
BL24 40 40 20
BL25 40 40 20
BL26 40 40 20
BL27 40 40 20
BL28 40 30 30
BL29 30 30 40
BL30 30 30 40
BL31 40 30 30
BL32 30 30 40
BL33 40 30 30
BL34 30 30 40
BL35 30 30 40
BL36 30 30 40
BL37 30 30 40
BL38 30 30 40
BL39a 3.0 3.0 3.0 3.0 3.0 10.0 10.0 10.0 10.0 10.0 10.0 3.0 3.0 3.0 3.0 3.0 3.0 3.3 3.3
BL40a 2.1 2.1 2.1 2.1 2.1 11.7 11.7 11.7 11.7 11.7 11.7 2.1 2.1 2.1 2.1 2.1 2.1 3.3 3.3
BL41a 8.0 8.0 8.0 8.0 8.0 5.4 5.4 5.4 5.4 5.4 5.4 2.4 2.4 2.4 2.4 2.4 2.4 6.7 6.7
BL42a 2.8 2.8 2.8 2.8 2.8 5.5 5.5 5.5 5.5 5.5 5.5 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7
BL43a 5.3 5.3 5.3 5.3 5.3 5.6 5.6 5.6 5.6 5.6 5.6 4.5 4.5 4.5 4.5 4.5 4.5 6.7 6.7
a Each contribution is rounded to one decimal place, so the sum of the contributions is not exactly 100%.
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bacco stick is shown in Fig. 1.
A tobacco stick is constructed by sequentially assembling the
following components:
1. Tobacco plug wrapped in paper over-wrap.
2. Hollow acetate tube wrapped in paper over-wrap.
3. Polymer-ﬁlm ﬁlter, wrapped in paper over-wrap.
4. Mouthpiece ﬁlter wrapped in paper over-wrap.Tobacco Plug
Hollow Acetate Tube
Polymer-
Fig. 1. Schematic of a tobacco stick for useAll of these elements were wrapped in an outer sheet of paper,
and tipping paper was added at the mouth end (Fig. 1).
Unlike cigarettes, THS tobacco sticks do not burn when used in
the THS2.2 holder, and they remain the same length after use. To-
bacco sticks were made of cast leaf containing the tobaccos and
tobacco blends listed in Tables 1 and 2, binders, and humectants.
The humectants were added to prevent the cast leaf becoming too
brittle. Heating the humectants caused them to evaporate and re-
condense to form small droplets, generating a visible aerosol. NoOuter 
Tipping paper
Film Filter Mouthpiece 
in the Tobacco Heating System 2.2.
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study.2.3. Chemical analyses
Samples of each of the tobacco sticks containing the different
tobacco plug blends (Table 2) were sent to Labstat International
ULC (Kitchener, Ontario, Canada), where the analytes in the main-
stream aerosol produced when the tobacco sticks were used in a
THS2.2 were quantiﬁed. Each tobacco stick was conditioned
following the ISO 3402 protocol (International Organisation for
Standardization, 2010), then mainstream aerosol was produced
from the stick using the Health Canada intense machine-smoking
regimen (Health Canada, 2000). The analytes in the mainstream
aerosol produced by each tobacco stick were determined using the
analytical methods shown in Table 3. All analyses were performed
in triplicate. It should be pointed out that the analytical methods
used by Labstat were not exactly the same as those used by the
Philip Morris Research Product Testing Laboratories for the previ-
ous paper of the series (Schaller et al., submitted (this issue)-a). This
resulted in different limits of quantiﬁcation (LOQs) and different
analytical results for some analytes. For instance Labstat was not
using the in-situ extraction technique (Ghosh and Jeannet, 2014)
which resulted in lower water results and higher NFDPM values.
The analyte yields of the mainstream smoke of the University of
Kentucky 3R4F reference cigarettes (Lexington, KY, USA; https://
ctrp.uky.edu/) were used as quality control samples for the
analytical methods. The blend of the 3R4F reference cigarettes was
made of 35.41% ﬂue-cured, 21.52% burley, 1.35% Maryland, 12.07%
Oriental and 29.55% reconstituted tobaccos. The 3R4F reference
cigarettes were conditioned according to ISO 3402 (International
Organisation for Standardization, 2010) and machine-smoked us-
ing the Health Canada intense protocol (Health Canada, 2000).
For the determination of the tobacco-speciﬁc nitrosamines (N-
nitrosoanabasine (NAB), N-nitrosoanatabine (NAT), 4-(N-nitro-
somethylamino)-1-(3-pyridyl)-1-butanone (NNK), and N-nitro-
sonornicotine (NNN)) in cast leaf and tobacco materials, a
published method (CORESTA, 2016) was adapted. After addition of
labelled internal standards the sample is extracted into an aqueous
buffer and ﬁltered. The ﬁltrate is analyzed by Liquid Chromatog-
raphy - Triple Quadrupole Mass Spectrometry (LC-MS/MS).
The determination of total alkaloids (as nicotine), reducing
carbohydrates, nitrates (NO3) and ammonia in tobacco materials
was performed by 4 parallel lines of continuous ﬂow analysis afterTable 3
Analytical methods used to determine the concentrations of harmful and potentially har
Compounda
Ammonia
Acetaldehyde, acetone, acrolein, butyraldehyde, crotonaldehyde, formaldehyde, methy
Hydrogen cyanide
Mercury
Arsenic, cadmium, chromium, lead, nickel, selenium
Nitric oxide, nitrogen oxides
Nitrobenzene, pyridine, quinoline, styrene
Carbon monoxide, glycerin, nicotine, NFDPM, TPM, water
Benz [a]anthracene, benzo [a]pyrene, dibenz [a,h]anthracene, pyrene
Acrylonitrile, benzene, 1,3-butadiene, ethylene oxide, isoprene, propylene oxide, tolue
3-Aminobiphenyl, 4-aminobiphenyl, 1-aminonaphthalene, 2-aminonaphthalene, o-tol
NAB, NAT, NNK, NNN
Acetamide, acrylamide
Catechol, m-cresol, o-cresol, p-cresol, hydroquinone, phenol, resorcinol
a TPM: total particulate matter; NFDPM: nicotine-free dry particulate matter; NAB: N-
pyridyl)-1-butanone; NNN: N-nitrosonornicotine.grinding and extraction of the tobacco with a 5% acetic acid solu-
tion. The determination of total alkaloids (as nicotine) was per-
formed according to the CORESTA recommended method #35
(CORESTA, 2010a) by reaction of the alkaloids with sulphanilic acid
and cyanogen chloride. Cyanogen chloride was generated in situ by
the reaction of potassium cyanide and chloramine T. The determi-
nation of reducing carbohydrates was performed according to the
CORESTA recommendedmethod #38 (CORESTA, 2010b) by reaction
of reducing carbohydrates with p-hydroxybenzoic acid hydrazide
in alkaline medium to produce a yellow osazone. The determina-
tion of nitrates (NO3) was performed according to the CORESTA
recommended method #36 (CORESTA, 2015) by reduction of ni-
trate to nitrite with hydrazinium sulphate in the presence of a
copper catalyst, followed by reactionwith sulphanilamide to form a
diazo compound. The determination of ammoniawas performed by
oxidation of ammonia with sodium hypochlorite to react with sa-
licylate ions in the presence of nitroprusside to form the salicylic
acid analog of indophenol blue (Digard et al., 2013). The analytical
results for the single grade tobaccos are presented in
supplementary material Table III.
In order to detect potential signs of combustion in the studied
blends, the presence of relevant quantities of nitrogen oxides in the
aerosol, not formed from the decomposition of nitrates present in
the original tobacco, was monitored (Cozzani et al., 2016). The
quantiﬁcation of nitrogen oxides in aerosols was performed by
Labstat according to the Ofﬁcial Method T-110 from Health Canada
((Health Canada, 2000). Carbon monoxide, a second potential
marker of combustion, was quantiﬁed in the aerosols produced
from the different blends in the THS2.2. The quantiﬁcation of car-
bon monoxide in aerosols was performed by Labstat according to
the Ofﬁcial Method T-115 from Health Canada (Health Canada,
2000). Potential signs of combustion were identiﬁed when both
the production of nitrogen oxides in aerosol was not correlated
with the nitrate content of the tobacco blend and the carbon
monoxide yields increased above the upper limit of the 99% con-
ﬁdence interval of the monitor blend FR1.2.4. Statistical analyses
The analytes produced by the 43 blends and by the single to-
bacco grades were analyzed in triplicates. For each analyte the
mean is reported. The LOQ is given if the mean was below the LOQ.
Descriptive statistics (the number of values, the arithmetic
mean, and the 99% conﬁdence interval) were obtained for all of themful constituents of mainstream aerosol.
Labstat International Analytical Method
(November 2013)
T-101
l ethyl ketone, propionaldehyde T-104
T-107
T-108
T-109
T-110
T-112/TMS-00112
T-115/TMS-00115a
TMS-00120
ne, vinyl chloride TMS-00124
uidine TMS-00128
TMS-00135
TMS-00137
TMS-00139
nitrosoanabasine; NAT: N-nitrosoanatabine; NNK: 4-(N-nitrosomethylamino)-1-(3-
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on a tobacco stick basis. The monitor blend FR1 was used as refer-
ence for comparison of the analyte yields of the 43 tobacco plug
blends and the data obtained from the analysis of aerosols from the
monitor blend FR1manufactured on 6 different occasions was used
to estimate the variability of the monitor blend for each analyte. A
conﬁdence interval of 99% was calculated around the average yield
obtained when analyzing each analyte of the monitor blend to
identify tobacco plug blends that were signiﬁcantly different based
on the upper conﬁdence limit value. For analytes which were sys-
tematically below the LOQ in the aerosol of monitor blend FR1, an
upper limit of 4 times the LOQ was deﬁned.
Principal component analysis (PCA) was performed using
XLSTAT version 2013.4.03 software (Addinsoft SARL, Paris, France).
PCA was performed on the data after the data had been mean-
centered and scaled to a variance of one, based on the covariance
matrix for the entire dataset.
3. Results
The mean ± CI99% and the upper limit (UL) of the analyte yields
in the aerosol of the monitor blend FR1, the extreme yields (mini-
mum and maximum) of each analyte in the aerosols from the 43
different tobacco plug blends, and the yields of analytes in main-
stream smoke of the reference cigarette 3R4F which was smoked as
monitor cigarette are presented in Table 4. The individual analyte
yields found when blends BL1eBL43 were used in the THS2.2 are
presented in supplementary material Table I.
The yields of seven HPHCs (cadmium, chromium, crotonalde-
hyde, dibenz [a,h]anthracene, nickel, nitrobenzene, and selenium)
in the aerosols produced by the FR1 blend and the BL1eBL43
blends were lower than the LOQs. The yields of 28 of the other
HPHCs that were analyzed in the aerosols produced by blends
BL1eBL43 were all lower than the upper limit for the FR1 blend.
These 28 HPHCs were 3-aminobiphenyl, 1-aminonaphthalene, 2-
aminonaphthalene, acetaldehyde, acetone, acrolein, acrylonitrile,
arsenic, benzene, 1,3-butadiene, butyraldehyde, carbon monoxide,
catechol, p-cresol, ethylene oxide, formaldehyde, hydrogen cya-
nide, lead, mercury, methyl ethyl ketone, phenol, propionaldehyde,
pyridine, quinoline, resorcinol, styrene, toluene, and vinyl chloride.
The yields of 11 nitrogen-containing HPHCs compounds (acet-
amide, acrylamide, 4-aminobiphenyl, ammonia, nitric oxide, ni-
trogen oxides, o-toluidine, and tobacco-speciﬁc nitrosamines
(TSNAs)), three polycyclic aromatic hydrocarbons (PAHs) (benz [a]
anthracene, benzo [a]pyrene, and pyrene), three phenols (m-cresol,
o-cresol, and hydroquinone), isoprene, and propylene oxide were
higher than the UL of the monitor blend FR1 in aerosols produced
by some of the tobacco plug blends.
The data were subjected to PCA to allow the ranges of chemicals
found in the aerosols produced by the different blends to be
investigated and to allow correlations between the yields of
different analytes to be identiﬁed. The glycerin, nicotine-free dry
particulate matter (NFDPM), total particulate matter (TPM), and
water yields were removed from the data to allow the PCA to be
focused on speciﬁc chemicals with potential toxicological rele-
vance. HPHCs with yields below their LOQs for more than 15 blends
were also removed to eliminate unnecessary “noise” from the data.
The PCA results shown in Fig. 2 were obtained from the yields of the
41 remaining analytes, which were acetaldehyde, acetamide,
acetone, acrolein, acrylamide, acrylonitrile, 3-aminobiphenyl, 4-
aminobiphenyl, 1-aminonaphthalene, 2-aminonaphthalene,
ammonia, benz [a]anthracene, benzene, 1,3-butadiene, butyralde-
hyde, carbon monoxide, catechol, m-cresol, o-cresol, p-cresol,
ethylene oxide, formaldehyde, hydroquinone, isoprene, methyl
ethyl ketone, mercury, nicotine, nitric oxide, nitrogen oxides, NAB,NAT, NNK, NNN, phenol, propionaldehyde, propylene oxide, pyrene,
pyridine, styrene, toluene, and o-toluidine.
About 26% of the total variance was explained by PC1. Nitrogen-
containing HPHCs contributed 80% of PC1. The main contributors to
PC1 were, in decreasing order, acetamide, NNN, NAB, o-toluidine,
NAT, NNK, 4-aminobiphenyl, and ammonia. About 17% of the total
variance was explained by PC2. The phenols contributed 33% of
PC2, the nitrogen-containing HPHCs contributed 27%, and the al-
dehydes and ketones contributed 11%. The main contributors to
PC2 were, in decreasing order, phenol, methyl ethyl ketone, nitro-
gen oxides, nitric oxide, m-cresol, p-cresol, and o-cresol. About 11%
of the total variance was explained by PC3. The aldehydes and ke-
tones contributed 42% of PC3, the nitrogen-containing HPHCs
contributed 15%, and the PAHs contributed 10%. The main con-
tributors to PC3 were, in decreasing order, butyraldehyde, acetone,
propionaldehyde, acetaldehyde, benzene, acrylonitrile, styrene,
toluene, benz [a]anthracene, and pyrene. HPHCs in all of the
chemical families contributed to the fourth and ﬁfth components,
and it was difﬁcult to identify any trends. In terms of distribution of
the components variance to PCs, it should be pointed out that, for
none of the HPHCs, the majority of the variance was distributed on
a single axe of the PCA.
The scores for the blends containing at least 40% air-cured to-
bacco were mostly in the positive PC1 zone of the plot of PC1 and
PC2, but they overlapped substantially with some bright blends
(e.g., BL17, BL19, BL20, and BL21) and Oriental blends (e.g., BL30, BL
35, BL37, and BL38). Two blends containing at least 40% ﬁre-cured
tobacco (BL1 and BL29) were at extreme positions, with high scores
for both PC1 and PC2. The third ﬁre-cured blend (BL5) was not
separated from the other blends. On the PC1/PC3 plot, the scores for
the air-cured tobacco blends were mostly positioned in the zone of
positive PC1 and PC3 with a signiﬁcant overlap with Bright and
Oriental blends. The ﬁre-cured tobaccos (BL1, BL5 and BL29) were
separated in the zone of positive PC1 and negative PC3. PC1, PC2,
and PC3 together represented only 55% of the variance (Fig. 2) but
the fourth and ﬁfth components (which each contributed 8% of the
total variance) did not offer additional clustering information.
4. Discussion
The objective of this study was to assess the variations in HPHC
yields caused by using different tobacco blends in THS2.2 tobacco
plugs. The FR1 blend was used as a reference blend, and the HPHC
yields from the other blends were compared with the HPHC yields
from the FR1 blend. The physical properties of monitor blend FR1
aerosol (particle size distribution determined as the mass medium
aerodynamic diameter) and aerosol chemistry (determination of 59
analytes) using analytical methods developed by Philip Morris In-
ternational have also been reported in another paper contained in
this issue (Schaller et al., submitted (this issue)-a).
4.1. Markers of combustion
The THS2.2 operates by heating tobacco with a blade operating
at a maximum temperature of 350 C to generate an aerosol,
compared to combustion of tobacco at temperatures up to 900 C in
a cigarette (Smith et al., submitted (this issue)), conﬁrmation of the
absence of tobacco combustion occurring in all the experimental
tobacco plug blends was investigated by analyzing for the presence
of nitrogen oxides (Norman et al., 1983; Glarborg et al., 2003; Im
et al., 2003) and carbon monoxide (CO) (Reed, 2002; Baker, 2006;
Senneca et al., 2007), two chemical markers of potential tobacco
combustion (Cozzani et al., 2016), in the mainstream aerosols of
THS2.2. The yields of nitrogen oxides detected in the aerosols
produced by the different experimental tobacco plug blends varied
Table 4
Summary of the yields of the FR1 blend and blends BL1eBL43 used in the Tobacco Heating System 2.2 (THS2.2) and of 3R4F reference cigarettes.
Parameter* Unit FR1 blend used in the THS2.2 Blends BL1eBL43 used in the THS2.2 3R4F cigarette
Mean ± CI99%a ULb Max valuec Min valuec No. higher than ULb Mean
TPM mg/stick 54.7 ± 3.2 57.9 57.8 46.8 0 44.7
Water mg/stick 32.1 ± 6.5 38.6 40.9 25.6 6 15.8
Nicotine mg/stick 1.38 ± 0.20 1.58 1.64 0.62 1 1.88
NFDPM mg/stick 21.2 ± 8.5 29.7 25.5 10.6 0 26.8
Carbon monoxide mg/stick 0.446 ± 0.246 0.692 0.567 <0.223 0 30.6
Benzo [a]pyrene ng/stick 1.02 ± 0.69 1.71 4.46 <0.35 7 15.0
Glycerin mg/stick 4.63 ± 1.01 5.64 5.69 3.72 1 2.28
1-Aminonaphthalene ng/stick 0.069 ± 0.077 0.146 0.091 <0.027 0 21.2
2-Aminonaphthalene ng/stick 0.045 ± 0.060 0.105 0.056 <0.012 0 16.2
3-Aminobiphenyl ng/stick 0.012 ± 0.012 0.024 0.014 <0.004 0 4.09
4-Aminobiphenyl ng/stick 0.012 ± 0.012 0.024 0.028 <0.005 2 2.77
Acetaldehyde mg/stick 211 ± 60 271 267 181 0 1694
Acetone mg/stick 35.0 ± 11.3 46.3 41.9 28.7 0 685
Acrolein mg/stick 10.96 ± 5.16 16.12 14.17 5.83 0 161
Butyraldehyde mg/stick 24.0 ± 8.1 32.1 25.6 15.3 0 83.5
Crotonaldehyde mg/stick <3.29 13.16 <3.29 <3.29 0 51.7
Formaldehyde mg/stick 10.16 ± 10.08 20.24 13.42 4.58 0 88.9
Methyl ethyl ketone mg/stick 7.95 ± 6.65 14.60 10.15 6.42 0 183
Propionaldehyde mg/stick 14.6 ± 10.5 25.1 15.2 12.3 0 122
Acrylonitrile mg/stick 0.177 ± 0.173 0.350 0.335 <0.107 0 24.0
1,3-Butadiene mg/stick 0.272 ± 0.101 0.373 0.347 <0.095 0 97.0
Benzene mg/stick 0.700 ± 0.540 1.240 1.010 0.442 0 81.1
Isoprene mg/stick 2.14 ± 0.44 2.58 4.34 1.01 13 885
Pyridine mg/stick 8.27 ± 3.06 11.33 11.18 5.53 0 31.5
Quinoline mg/stick <0.011 0.044 0.011 <0.011 0 0.440
Styrene mg/stick 1.067 ± 2.528 3.595 1.128 0.468 0 16.5
Toluene mg/stick 2.49 ± 1.69 4.18 3.05 1.77 0 137
Catechol mg/stick 13.2 ± 5.6 18.8 16.3 10.6 0 89.6
o-Cresol mg/stick 0.052 ± 0.036 0.088 0.113 0.041 2 4.11
m-Cresol mg/stick 0.031 ± 0.036 0.067 0.116 <0.019 2 3.61
p-Cresol mg/stick 0.068 ± 0.097 0.165 0.122 <0.034 0 8.86
Hydroquinone mg/stick 6.23 ± 2.46 8.69 9.39 4.77 2 88.3
Phenol mg/stick 1.12 ± 0.52 1.64 1.59 0.72 0 13.90
Resorcinol mg/stick <0.055 0.220 0.080 <0.055 0 1.75
NAB ng/stick 3.01 ± 1.13 4.14 8.89 0.77 13 30.3
NAT ng/stick 17.5 ± 9.3 26.8 63.9 4.9 13 269
NNK ng/stick 7.1 ± 2.8 9.9 29.3 2.0 24 261
NNN ng/stick 14.2 ± 5.9 20.1 57.1 3.0 16 284
Ammonia mg/stick 12.0 ± 5.2 17.2 97.2 5.3 29 31.2
Hydrogen cyanide mg/stick <4.37 17.48 10.07 <4.37 0 364
Nitric oxide mg/stick 13.0 ± 2.4 15.4 51.4 3.7 24 510
Nitrogen oxides mg/stick 13.8 ± 2.4 16.2 51.4 4.2 24 571
Arsenic ng/stick <1.20 4.80 1.43 <1.20 0 7.99
Cadmium ng/stick <0.280 1.120 <0.280 <0.280 0 94
Chromium ng/stick <11 44 <11 <11 0 <11
Lead ng/stick <1.62 6.48 3.80 <1.62 0 31.9
Mercury ng/stick 1.25 ± 0.48 1.73 1.60 <0.70 0 4.67
Nickel ng/stick <53 212 <53 <53 0 <53
Selenium ng/stick <0.83 3.32 <0.83 <0.83 0 1.49
Pyrene ng/stick 8.01 ± 4.80 12.81 74.09 1.97 9 79.3
o-Toluidine ng/stick 1.616 ± 0.883 2.499 3.094 0.542 3 103.9
Acetamide mg/stick 3.31 ± 1.69 5.00 6.28 2.24 5 13.0
Acrylamide mg/stick 1.85 ± 1.33 3.18 3.56 0.78 2 4.5
Ethylene oxide mg/stick 0.199 ± 0.141 0.340 0.324 <0.119 0 24.10
Nitrobenzene ng/stick <37.84 151.36 <37.84 <37.84 0 <37.84
Propylene oxide mg/stick 0.078 ± 0.021 0.099 0.109 0.065 5 1.11
Vinyl chloride ng/stick <2.19 8.76 3.92 <2.19 0 100.8
Benz [a]anthracene ng/stick 2.64 ± 2.46 5.10 20.52 0.36 8 27.2
Dibenz [a,h]anthracene ng/stick <0.413 1.652 <0.413 <0.413 0 0.79
* TPM: total particulate matter; NFDPM: nicotine-free dry particulate matter; NAB: N-nitrosoanabasine; NAT: N-nitrosoanatabine; NNK: 4-(N-nitrosomethylamino)-1-(3-
pyridyl)-1-butanone; NNN: N-nitrosonornicotine.
a Mean: mean of six determinations, each performed in triplicate (6  3); CI: conﬁdence interval, determined from one set of triplicate analyses.
b UL: upper limit of the conﬁdence interval (CI99%) or four times the limit of quantitation.
c <: the average yield was lower than the limit of quantitation, the value given is the limit of quantitation.
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(r ¼ 0.849) was found between the presence of nitrogen oxides in
the aerosol and the concentration of nitrates in the different
experimental tobacco plug blends (Fig. 3). Blend BL33 which
resulted in a yield of 51.4 mg/stick nitrogen oxides in themainstream aerosol, one order of magnitude lower than 571 mg
nitrogen oxides found in the mainstream smoke from the reference
cigarette 3R4F (Table 4), deviated considerably from the regression
line for all experimental tobacco plug blends. Removal of blend
BL33 from the data set improved the correlation (r ¼ 0.911). Such a
Fig. 2. Principal component analysis scores and loadings for the 41 aerosol constituents (acetaldehyde, acetamide, acetone, acrolein, acrylamide, acrylonitrile, 3-aminobiphenyl, 4-
aminobiphenyl, 1-aminonaphthalene, 2-aminonaphthalene, ammonia, benz [a]anthracene, benzene, 1,3-butadiene, butyraldehyde, carbon monoxide, catechol,m-cresol, o-cresol, p-
cresol, ethylene oxide, formaldehyde, hydroquinone, isoprene, methyl ethyl ketone, mercury, nicotine, nitric oxide, nitrogen oxides, NAB, NAT, NNK, NNN, phenol, propionaldehyde,
propylene oxide, pyrene, pyridine, styrene, toluene, and o-toluidine) produced by the 43 test blends, plus the FR1 blend. The ﬁrst three principal components are shown. Loadings
are shown in red, scores for blends containing at least 40% air-cured tobacco are shown in green, scores for blends containing at least 70% bright and ﬁller tobaccos are shown in
orange, scores for blends containing at least 40% Oriental tobacco are shown in blue, and scores for blends containing at least 40% ﬁre-cured tobacco are shown in purple.
Fig. 3. Correlation between the nitrogen oxides yield in the aerosol produced and the nitrate concentration in the tobacco plug.
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gen oxides in the mainstream aerosol results primarily from
decomposition of inorganic nitrates present in tobacco during
heating at temperatures <350 C, rather than from oxidative
decomposition (i.e., combustion) of nitrogen-containing organic
material in the tobacco plug blend at higher temperatures (Im et al.,2003; Cozzani et al., 2016). Blend BL33 produced 0.433 mg/stick CO
in the mainstream aerosol of THS2.2, lower than the yield of CO
produced by monitor blend FR1 (0.446 ± 0.246 mg/stick), while all
other experimental tobacco plug blends produced CO concentra-
tions in the mainstream aerosols below the UL for monitor blend
FR1 (0.692 mg/stick). CO is not an unambiguous chemical marker
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combustion processes, e.g., lower temperature thermal process
such as torrefaction of biomass (Baker, 1975a; Senneca et al., 2007;
Basu, 2010). Therefore, low levels of CO can be observed without
tobacco combustion and combustion can only be inferred to have
occurred when a signiﬁcant increase in the yield of CO is observed.
Further conﬁrmation of the absence of combustion phenomena in
the blend FR1 was obtained by collecting the THS2.2 aerosol in
absence of oxygen. Under these inert conditions, nitrogen oxides
and CO yields were similar as those obtained when collecting the
aerosol in air (Cozzani et al., 2016). Therefore, no sign of combus-
tion could be detected and the low concentrations of CO and ni-
trogen oxides in the THS2.2 aerosol conﬁrm that the tobacco plugs
of the analyzed blends were heated rather than burnt in the THS2.2.
4.2. Nitrogen-containing HPHCs
Ammonia was the only nitrogen-containing HPHC detected in
the mainstream THS2.2 aerosols produced by 29 of 43 experi-
mental tobacco plug blends which exceeded the UL for monitor
blend FR1. Six experimental tobacco plug blends (BL23, BL24, BL28,
BL29, BL33, and BL38) produced more ammonia than was found in
3R4F CC smoke (Table 4). Ammonia could be produced by either the
distillation of endogenous ammonia already present in the tobacco
plug or by the decomposition of organic amines and amides present
in the tobacco plug blend to yield ammonia in the mainstream
aerosol. Ammonia can be formed through the pyrolysis of amino
acids in tobacco at temperatures as low as 200 C (Moldoveanu,
2010), so the pyrosynthesis of ammonia from amino acids, pep-
tides, and proteins may also contribute to the generation of
ammonia into the THS2.2 aerosols. The conditions used when
producing cast leaf and the conditions during the heating process
when a THS2.2 is used are appropriate to initiate reactions between
amines or ammonia and sugars (Maillard reaction (Ames, 1990)).
Blending tobaccos that are rich in ammonia or amino acids with
tobaccos with high sugar contents could therefore modify the
availability of ammonia to be distilled or pyrosynthesized. As a
result, ammonia produced by using single tobacco grades in the
tobacco plug of THS2.2 could not be used to calculate the yield of
ammonia generated in the mainstream aerosol of a tobacco blend
containing the corresponding single grade tobaccos. The single
grade air-cured tobacco AC3, ﬁre-cured tobacco AR1, and Oriental
tobacco AR5 gave higher ammonia yields than did the other single
grade tobaccos (supplementary material Table II). Pure bright to-
bacco blends (e.g., BL2, BL3 and BL5) produced aerosols with a low
ammonia content, while limiting the level of nitrogen-rich air-
cured and aromatic tobaccos in the tobacco plug blend resulted in
the lowest ammonia levels.
Several blends gave TSNA yields higher than the yield given by
the FR1 blend but signiﬁcantly lower than the 3R4F CC yield
(Table 4). Both NNK and NNN have been classed as Group 1 car-
cinogens (carcinogenic to humans) by the International Agency for
Research on Cancer (IARC) (International Agency for Research on
Cancer, 2015). Green tobacco leaves do not contain NNK and
NNN, and these chemicals are formed during the curing and storage
of tobacco (Fischer et al., 1990). The individual TSNA concentrations
in the tobacco blends and yields in the mainstream THS2.2 aerosols
correlated well, the correlation coefﬁcients (r) for NNN, NNK and
NAT being 0.885, 0.930, and 0.833, respectively, as is shown in
Fig. 4. The NAB concentrations in the tobacco blends and yields in
the aerosols correlated less well (r ¼ 0.763) because of the limita-
tions of the analytical method used and because the NAB concen-
trations in the tobacco blends and yields in the aerosols were lower
than the concentrations and yields of the other TSNAs. Thus,
selecting tobaccos with low concentrations of TSNAs should reduceexposure to these HPHCs when used in the THS2.2.
A small number of tobacco blends produced aerosols with
higher acetamide and acrylamide yields than the upper limits of the
FR1 blend yields. The BL23 and BL33 acetamide and acrylamide
yields were both higher than the upper limits of the FR1 blend
yields, and the BL24, BL29, and BL38 acetamide yields were higher
than the upper limit of the FR1 blend yield. None of the blends
produced aerosols with higher acetamide and acrylamide yields
than the 3R4F CC. Acetamide is classed as a Group 2B carcinogen
(possibly carcinogenic to humans) by the IARC (International
Agency for Research on Cancer, 2015) and can be formed through
the pyrolysis of Amadori products and the decomposition of
ammonium acetate at around 250 C (Moldoveanu, 2010). Acryl-
amide is classed as a Group 2A carcinogen (probably carcinogenic to
humans) by the IARC (International Agency for Research on Cancer,
2015). Acrylamide can be formed from asparagine through a
Maillard-type reaction at between 120 and 200 C in food and other
biological material, such as tobacco (Stadler et al., 2002; Blank et al.,
2005; Becalski et al., 2011). Both acetamide and acrylamide could
therefore be produced at the temperatures used in the THS2.2. The
air-cured tobaccos (AC1 to AC5) and some of the aromatic tobaccos
(the ﬁre-cured AR1 and the Oriental tobacco AR5) were the main
contributors of acetamide and acrylamide in the THS2.2 aerosols,
and the bright blends gave lower acetamide and acrylamide yields.
Adding together the acetamide and acrylamide yields given by each
individual tobacco type in a blend in the proportions the tobaccos
were used in the blend gave a good approximation of the acetamide
and acrylamide yields in the aerosol produced by the blend
(supplementary material Table II).
The yields of the other nitrogen-containing HPHCs in the aero-
sols produced by most of the blends were similar. Three blends
(BL28, BL29, and BL38) gave higher o-toluidine yields than the
upper limit of the FR1 blend yield, but the BL28, BL29, and BL38 o-
toluidine yields were still more than 95% lower than the 3R4F CC o-
toluidine yield. The BL33 and BL38 4-aminobiphenyl yields were
also higher than the upper limit of the FR1 blend yield but were
more than 99% lower than the 3R4F CC yield. None of the blends
gave yields of the other nitrogen-containing compounds (acrylo-
nitrile, 3-aminobiphenyl, 1-aminonaphthalene, 2-
aminonaphthalene, hydrogen cyanide, nitrobenzene, pyridine,
and quinoline) higher than the upper limits of the FR1 blend yields.
4.3. Other HPHCs
Ten blends (BL1, BL2, BL5, BL6, B17, BL20, BL28, BL29, BL42 and
BL43) gave higher PAH yields than the FR1 blend yield (Table 4).
Good approximations of the benz [a]anthracene, benzo [a]pyrene,
and pyrene yields given by the different blends were obtained by
adding together the yields of the single tobacco types in the pro-
portions they were used in the blends (supplementary material
Table II). The blending process therefore had a minimal inﬂuence
on the benz [a]anthracene, benzo [a]pyrene, and pyrene yields.
None of the single tobaccos or blends gave higher PAH yields than
did the 3R4F CCs, but some blends (e.g., BL1, BL5, BL28, and BL29)
gave higher PAH yields than did other blends (supplementary
material Table I). Benzo [a]pyrene is classed as a Group 1 carcin-
ogen, benz [a]anthracene as a Group 2B carcinogen, and pyrene as a
Group 3 carcinogen by the IARC (International Agency for Research
on Cancer, 2015). PAHs are formed through the incomplete com-
bustion of organic materials, such as tobacco (Rodgman, 2001;
Baker, 2006; McAdam et al., 2013). PAHs do not usually occur
naturally in plant materials, and their presence is caused by
contamination or decomposition during pyrolytic processes. For
tobacco in particular, PAHs can be introduced into tobacco leaves
during curing if the tobacco is exposed to the exhaust gases from
Fig. 4. Correlations between the N-nitrosoanabasine (NAB), N-nitrosoanatabine (NAT), 4-(N-nitrosomethylamino)-1-(3-pyridyl)-1-butanone (NNK), and N-nitrosonornicotine
(NNN) concentrations in the tobacco plug blends and yields in the THS2.2 mainstream aerosols produced using the blends.
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1960). This type of contamination during curing can be mini-
mized by using curing barns equipped with heat exchangers that
prevent ﬂue gases from coming into contact with the tobacco. Fire-
curing, in which the tobacco leaves are in direct contact with wood
smoke, gives cured tobaccos that contain particularly high PAH
concentrations (McAdam et al., 2013). PAHs may form when to-
bacco pyrolysis occurs at between 550 and 600 C, whereas PAHs
have not been found to form below 350 C when heating tobacco
(McGrath et al., 2007). The pyrosynthetic formation of PAHs should
therefore not occur at the temperatures the THS2.2 operates (Smith
et al., submitted (this issue)). As suspected, tobacco blends con-
taining large proportions of ﬁre-cured tobaccos (e.g., BL1, BL5, BL28,
and BL29) gave the highest PAH yields (supplementary material
Table I). The bright tobacco F5 and the ﬂue-cured stems FL1 gave
a higher PAH yield than did the other tobacco materials
(supplementary material Table II). Consequently, PAH yields in the
THS2.2 aerosol could be minimized by avoiding the use of ﬁre-
cured or bright tobaccos which have been cured in tobacco barns
not ﬁtted with a heat-exchange system.
Only minor differences were found in the phenol yields given by
the different tobacco blends. Two blends (BL1 and BL29) gave
higherm-cresol and o-cresol yields than the upper limits of the FR1
blend yields (Table 4). These two experimental tobacco plug blends
contained large proportions of ﬁre-cured tobacco (40%). High
concentrations of phenols in ﬁre-cured tobaccos may be caused by
the transfer of these phenols from wood smoke to tobacco during
the curing process (Naghski et al., 1944). Two blends (BL9 and BL36)
gave higher hydroquinone yields than the upper limit of the FR1
blend yield, but the yields were about 90% lower than the 3R4F CC
yield.
Thirteen experimental tobacco plug blends (BL1, BL4, BL6, BL7,
BL8, BL12, BL13, BL14, BL21, BL23, BL24, and BL33and BL40) gavehigher isoprene yields than the upper limit of the FR1 blend yield
(Table 4). The conﬁdence interval for determination of isoprenewas
proportionally smaller than for most of the other analytes, but the
reductions of isoprene in the THS2.2 aerosols using different
experimental tobacco plug blends were still larger than 99% when
compared to the mainstream smoke of reference cigarette 3R4F.
Similar results were found for propylene oxide. A major source of
propylene oxide in mainstream CC smoke is the dehydration of
propylene glycol, which is used as a humectant or for ﬂavor
application (Diekmann et al., 2006; Laino et al., 2012). The tobacco
stickswe usedwere not ﬂavored, and propylene glycol was not used
as a humectant, so we expected to ﬁnd low propylene oxide yields.
The propylene oxide yields given by the single tobaccos and to-
bacco blends were one order of magnitude lower than the 3R4F CC
propylene oxide yield (Table 4).
4.4. Effects of the blend used on the generation of HPHCs
In chemometrics, PCA is widely used to extract relevant infor-
mation from spectroscopic or chromatographic datasets, and other
types of dataset. This un-supervised process without prior class
identiﬁcation (Jackson, 1991) has been used to differentiate tobacco
types and cigarette brands by analyzing proﬁles of gases produced
by tobacco pyrolysis (Adam et al., 2005, 2007, 2009). Piade et al
(Piade et al., 2013). analyzed the concentrations of HPHCs in
mainstream smoke from market cigarettes using PCA and found
that “Virginia brands are higher in formaldehyde, cadmium and, to
a lesser extent, unsaturated aldehydes, hydrogen cyanide and ar-
omatic compounds. In contrast, American blend brands are higher
in nitrogen-containing compounds (except hydrogen cyanide).” In
the current study, PCA of the concentrations of HPHCs in the
aerosol of THS2.2 produced by different experimental tobacco plug
blends with a high proportion of bright tobacco did not result in
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cyanide than the other tobacco plug blends. In a classical American
blend cigarette the percentage of air-cured (burley) tobacco is
usually about 20% ranging up to a maximum of 35%. In the exper-
imental tobacco plug blends investigated in this study, increasing
the percentage of air-cured tobaccos in the blend to 40% only had a
small effect on the concentrations of nitrogen-containing HPHCs in
the mainstream aerosols. With the exception of the blends con-
taining up to 40% ﬁre-cured tobacco, the PCA did not efﬁciently
cluster the different blend types. For the majority of HPHCs, the
blend compositions did not result in signiﬁcant differences in HPHC
yields, which were lower than found in the reference cigarette
3R4F.
For the few HPHCs presenting signiﬁcant variability across
blends, the mechanisms governing their transfer to the aerosol was
mainly based on distillation processes (e.g., TSNAs and PAHs),
simple thermal reactions (e.g., nitrogen oxides and acetamide) or
early steps in the Maillard reaction (e.g., acrylamide). The Maillard
reaction could modify the level of available ammonia and ammonia
precursors in nitrogen-rich tobaccos (e.g., air-cured tobaccos);
however, this reaction is not quantitative (Ledl and Schleicher,
1990; Cerny, 2008) and the aerosols with the lowest concentra-
tions of ammonia were obtained when blending bright tobaccos
with a low nitrogen content. Consequently, both the tobacco blend
and the blending process had only a limited impact on the presence
of HPHCs in mainstream aerosol of THS2.2.
5. Conclusions
The 43 experimental tobacco plug blends investigated in this
study were generated from a large range of different tobacco types
and included extreme blend compositions, compared to normal
tobacco blending practices used for cigarettes. The aerosols pro-
duced by 43 different experimental tobacco plug blends in the
THS2.2 contained signiﬁcantly lower concentrations of HPHCs than
found in the mainstream smoke of reference cigarette 3R4F. For
most of the analyzed HPHCs, the tobacco blend composition had
only a minimal impact on the yields of HPHCs in the resulting
aerosols. Only ammonia, TSNAs, nitrogen oxides, PAHs, acrylamide
and acetamide concentrations in the THS2.2 mainstream aerosols
showed signiﬁcant variability across the 43 experimental tobacco
plug blends. Pyrosynthesis did not appear to play a role in the
generation of PAHs and TSNAs in the mainstream aerosol of THS2.2
and these HPHCs most likely resulted from the distillation of
endogenous preformed compounds already present in the tobacco
blends. Tobacco plug blends containing high proportions of
nitrogen-rich tobaccos such as air-cured tobaccos and some Ori-
ental tobaccos produced higher yields of ammonia, nitrogen oxides,
acrylamide and acetamide in the THS2.2 aerosol. Finally, the low
concentrations of chemical markers of tobacco combustion such as
CO and nitrogen oxides in the THS2.2 aerosol conﬁrm that the to-
bacco plug was heated rather than burnt in the THS2.2.
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